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Adaptive evolutionAbstract In the present study, the possible evidence of positive selection was analyzed for the neur-
aminidase (NA) sequences of Guangxi H5N1 strains of China. Based on an overall site-speciﬁc
positive selection analysis, it was found that NA gene of H5N1 Guangxi strains underwent purify-
ing selection and no signiﬁcant positively selected sites were identiﬁed. For the branch-speciﬁc posi-
tive selection analysis, there was no positive selection evidence for the branches leading to different
poultry hosts (chicken, duck and goose). Conclusively, positive selection seems not possible (if not
rare) for the NA gene in inﬂuenza H5N1 subtype, at least for the samples found in Guangxi Prov-
ince of China.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Positive selection of virus genes could help elucidate how the
genes are modiﬁed and adapted to the changing environment.
The occurrence of positive selection is in particular likely when
the viruses are transferred from original hosts to new hosts
for adaptation. There are some advances in recent yearscontributing to search for the evidence of positive selection
of some important genes for different viruses (Tang et al.,
2008; Wang et al., 2009; Shen et al., 2011; Perez et al., 2012).
Subtype H5N1 of Inﬂuenza A virus is an economically
important and highly pathogenic epidemic that could cause a
great amount of mortality in poultry and animals (Bataille
et al., 2011), and also cause illnesses on human beings
occasionally (Kawaoka, 2012; Morens et al., 2012). The evolu-
tion of IAV genomes has been widely studied from different
facets, including codon usage patterns (Zhou et al., 2005;
Wong et al., 2010; Fancher and Hu, 2011; Goni et al., 2012),
homologous recombination (Boni et al., 2008; He et al.,
2009), and phylogenetics (Liu et al., 2009). In Asian countries,
there are growing reports of patients being infected by H5N1.
Consequently, understanding evolutionary forces and
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Figure 1 Maximum likelihood phylogenetic tree topology
reconstructed for the 81 NA gene sequences sampled from
Guangxi Province, China. This tree is used for all subsequent
positive selection analyses and the labels indicated the GenBank
accession numbers. At the end of these labels, the letters ‘‘d’’, ‘‘c’’
and ‘‘g’’ indicate the hosts of the virus are duck, chicken and goose
respectively.
180 Y. Chen, Y.-F. Chenadaptation of H5N1 would be of great help to understand its
transmission and infection of animals and human beings (Ka-
waoka, 2012; Morens et al., 2012).
Neuraminidase (NA) is an important enzyme on the surface
of inﬂuenza A virus particles which is widely used as the anti-
genic determinant. NA would help virus to be relaxed from the
host cell, thus being important in the transmission of inﬂuenza
viruses. As such, adaptive evolution of NA gene over different
host species might be profound. Evolutionary studies on the
NA gene have been widely carried out at different perspectives
(Zhou et al., 2005; Han et al., 2010; Liu et al., 2010; Li et al.,
2011). In particular, there are some progresses on reporting
positive selection evidence of inﬂuenza A virus genes. For
example, in a recent study, the evolutionary pressure of NA
gene in inﬂuenza A virus subtype H1N1 has been carried out
(Li et al., 2011). In another study, the selection pressure of
HA gene was compared between pandemic (2009), human
and swine inﬂuenza A strains (Furuse et al., 2010). In the pres-
ent study, we would focus on the adaptive evolution of NA
genes in Guangxi H5N1 strains for the purpose to throw
new insights into the epidemiology and transmission mecha-
nisms of inﬂuenza subtype H5N1 on the provincial scale in
the southern part of China.
2. Materials and methods
2.1. Sequence data
93 NA gene sequences for inﬂuenza A virus subtype H5N1
found in Guangxi Province, China were extracted from the
GenBank database (http://www.ncbi.nlm.nil.gov/; access date:
Sep 10th, 2013). After removing partial sequences, 81 full ones
are retained and aligned using MUSCLE program (Edgar,
2004). Ambiguous regions of the alignment were removed
and the ﬁnal aligned sequences were checked manually by Bio-
Edit software (Hall, 1999). The aligned sequences were avail-
able upon request. The associated GenBank accession
information is presented in Fig. 1.
2.2. Homologous recombination
By using the program RDP (Martin and Rybicki, 2010; Martin
et al., 2010), homologous recombination signals were detected
among the 81 sequences based on the seven recombination
detection methods including GENECOV (Padidam et al.,
1999), Bootscan/Rescan (Martin et al., 2005), Chimaera (Posa-
da and Crandall, 2001), MaxChi (Maynard Smith, 1992), SiS-
can (Gibbs et al., 2000), 3Seq (Boni et al., 2007) and RDP
(Martin and Rybicki, 2010). If there are putative recombinant
sequences, they will be removed from the dataset since homol-
ogous recombination would bias the inference accuracy of
phylogeny (Schierup and Hein, 2000; Anisimova et al., 2003).
2.3. Construction of phylogenetic tree for NA gene
The phylogenetic tree was constructed using the maximum
likelihood method with PhyML software (Guindon et al.,
2010). 1000 Bootstrapping replicates were applied to reveal
the support of reconstructed tree. The tree was used in all sub-
sequent positive selection analyses and presented in Fig. 1.
Table 1 Estimations of parameters for the six models of different x among sites for the NA gene in 32 Guagnxi H5N1 samples.
Model Parameter values Likelihood Positively selected sites (EBE support)
M0 x= 0.215 4072.372 Not allowed
M1 p0 = 0.850, x0 = 0.074, 4042.562 Not allowed
p1 = 0.150, x1 = 1.000
M2 p0 = 0.850, x0 = 0.074, 4042.561 Not found
p1 = 0.150, x1 = 1.000,
p2 = 0.000, x2 = 38.186
M3 p0 = 0.036,=0.074, 4042.561 Not found
p1 = 0.815, x1 = 0.074,
p2 = 0.149, x2 = 1.002
M7 p= 0.176, q= 0.665 4043.924 Not allowed
M8 p0 = 0.853, p= 8.18, q= 99, p1 = 0.147, x= 1.008 4042.587 Not found
Table 2 Positive selection analysis for the lineages speciﬁc to different host species (chicken, duck, and goose) of NA genes in 81
Guangxi samples of China v20:05;1 ¼ 3:84.
Hosts Models Likelihood Parameter estimates 2Dl (P value) Positively selected sites
(BEB supportP 0.95)
Chicken Null 4042.562 x0 = 0.074, Not allowed
x1 = 1,
x2 = 1,
p0 = 0.850,
p1 = 0.150,
p2a = 0.0,
p2b = 0.0
Alternative 4042.562 x0 = 0.074, 0 (P> 0.05) Not found
x1 = 1,
x2 = 3.949,
p0 = 0.850,
p1 = 0.150,
p2a = 0.0,
p2b = 0.0
Duck Null 4042.001 x0 = 0.065, Not allowed
x1 = 1,
x2 = 1,
p0 = 0.807,
p1 = 0.136,
p2a = 0.048,
p2b = 0.008
Alternative 4042.001 x0 = 0.065, 0 (P> 0.05) Not found
x1 = 1,
x2 = 1,
p0 = 0.807,
p1 = 0.136,
p2a = 0.048,
p2b = 0.008
Goose Null 4041.569 x0 = 0.067, Not allowed
x1 = 1,
x2 = 1,
p0 = 0.781,
p1 = 0.136,
p2a = 0.070,
p2b = 0.012
Alternative 4041.489 x0 = 0.067, 0.08 (P> 0.05) Not found
x1 = 1,
x2 = 1.804,
p0 = 0.813,
p1 = 0.141,
p2a = 0.039,
p2b = 0.007
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Identiﬁcation of positive selected sites required the construc-
tion of phylogenetic trees. As such, we constructed maximum
likelihood tree using the program PhyML (Guindon et al.,
2010) with 1000 bootstrapping replicates. The constructed tree
and aligned sequences are then subjected to the positive selec-
tion analysis using the codeml program from the PAML pack-
age (Yang, 1997, 2007). Several site-speciﬁc models (M0, M1,
M2, M3, M7 and M8) which tested different models were used
for the detection of positive selected sites (Tang et al., 2008;
Wang et al., 2009).
Among the models, M0 and M3, M1 and M2, M7 and M8
are pairs of models, in which the former ones are null models,
while the latter ones allow the existence of positive selection.
The likelihood ratio test (LRT) could be implemented to test
these alternative nested models to identify the possibility of po-
sitive selected sites. If the sites are subjected to positive selec-
tion, then the nonsynonymous/synonymous substitution ratio
x= dN/dS would be larger than 1, otherwise 0 < x< 1 for
purifying selection and x= 1 for neutral selection. A v2 distri-
bution could be used for testing signiﬁcance. As expected, if
positive selection is in function, then we would observe
x> 1 and the likelihood for the positive selection models
(M3, M2 and M8) would be signiﬁcantly higher than that of
null models. The Bayes Empirical Bayes (BEB) calculation of
posterior probabilities for site classes was implemented to cal-
culate the probabilities of sites under positive selection (Yang
et al., 2005; Tang et al., 2008). Only those sites with
BEBP 0.95 are considered to be positively selected.
2.5. Clade-speciﬁc positive selection analysis
Clade-speciﬁc positive selection analysis could allow one to test
the different selection pressures on different clades in the phy-
logenetic tree. Clade-speciﬁc models have been widely applied
in recent studies (Yu et al., 2011). We used clade-site Model
A for identifying sites under positive selection along the lin-
eages that we are interested in (Yu et al., 2011). Analogous to
site-speciﬁc positive selection analysis, the likelihood ratio test
(LRT) could be applied to detect the signiﬁcance of difference
between alternative and null models using v2 distribution with
the number of degrees of freedom (equal to the difference be-
tween the free parameter numbers of the pairwise models).
3. Results and discussion
3.1. Detection of recombination signals
No potential recombination events were found in NA se-
quences of Guangxi H5N1 strains, as consistently identiﬁed
by all the seven methods. As such, our result further evidenced
that recombination events in inﬂuenza viruses are very rare,
consistent with previous studies (Boni et al., 2008; Han
et al., 2008, 2010; Han and Worobey, 2011).
3.2. Site-speciﬁc positive selection analysis
As indicated by the nested model comparison (M0 versus M3,
M1 versus M2, M7 versus M8), basically no increments interms of likelihood values are found for the models allowing
positive selection in comparison to alternative ones (Table 1).
There are no positively selected codon sites for NA gene of
Guangxi H5N1 strains globally.
3.3. Branch-speciﬁc positive selection analysis
Among the NA lineages that are speciﬁc to three poultry hosts,
the log-likelihoods for alternative models A1 which allows
x> 1 did not have a signiﬁcant difference to those from the
null models (Table 2). Thus, positive selection is unlikely to oc-
cur among the poultry hosts of NA gene in Guangxi Province
of China.
3.4. Adaptive evolution of NA gene in Guangxi Province of
China
As indicated by the above analyses, NA gene seems to undergo
purifying selection as no positively selected sites have been
identiﬁed for either overall sequences or speciﬁc branches. Sev-
eral mechanisms may lead to such an observation. First, the
NA sequences sampled from the region are still largely lacked.
In our study, only 81 full sequences are available, which thus
may limit the divergence of the NA gene across different poul-
try strains. The relatively rare divergence among NA sequences
would lead to short evolutionary distances of these sequences,
reducing the occurrence probability of positive selection. Sec-
ond, our study is only working on one subtype (H5N1) inﬂu-
enza A viruses, which might not fully be legitimate because
the primary purpose of the study is to detect the adaptive evo-
lution of NA gene. Thus, NA sequences from different sub-
types should be utilized in the analysis so as to better reﬂect
the evolution of NA gene. Moreover, the classiﬁcation of dif-
ferent inﬂuenza A viruse subtypes is based on the different
groupings of NA and HA (hemagglutinin) genes. Therefore,
adaptive evolution is highly desired for NA (or HA) gene when
the sequences sampled from different subtypes are considered
given that the sequences for different subtypes should show
distinct clades.
4. Conclusions
No positive selection evidence was identiﬁed for the NA gene
in Guangxi H5N1 strains. Site-speciﬁc likelihood codon mod-
els did not identify any positively selected sites globally.
Branch-speciﬁc analyses which focused on the branches for dif-
ferent poultry lineages (duck, chicken and goose) further con-
ﬁrmed such a statement.
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